Effective treatments for amyotrophic lateral sclerosis (ALS) have remained elusive. Only riluzole, a drug thought to affect glutamate metabolism, improves survival albeit to modest extent. Explanations for the negative results of therapeutic trials include a likely heterogeneity, both in disease susceptibility and pathogenic mechanisms, and faulty methodology of clinical trials. Further understanding of these factors will lead to improvements in patient stratification, and in the design of future clinical trials.
Introduction
Effective treatments for amyotrophic lateral sclerosis (ALS) have remained elusive. Only riluzole, a drug thought to affect glutamate metabolism, improves survival albeit to modest extent (1) . Explanations for the negative results include a likely heterogeneity in disease susceptibility and pathogenic mechanisms and defective design of published clinical trials. A better knowledge of the representativeness of the study populations, identification of the main prognostic predictors, and a critical appraisal of the study design and methods provide the basis for the implementation of more successful clinical trials.
This paper outlines the contribution of population based registries to the identification of representative population cohorts, discusses a method to ensure complete case ascertainment, identifies the limitations of the existing datasets, and proposes a mechanism to improve the future design and output of randomized trials.
Population based registries: a valuable source of representative population samples
Amyotrophic lateral sclerosis (ALS) is a relatively rare disease with a reported population incidence of between 1.5 and 2.5 per 100,000 per year (2) . Over the past 10 years, the design of ALS epidemiological studies has evolved to focus on a prospective, population based methodology, employing the El Escorial criteria and multiple sources of data to ensure complete case ascertainment. The structure of all recent studies has been based on the registry for the collection of data, similarly to what has been done for cancer registries. The main advantage of a registry is its ability to achieve complete case ascertainment through the use of multiple sources of information on ALS patients. In contrast, clinic based studies (the usual source of patients enrolled in randomized trials) rely on a single source of information and are recognized to have poor case ascertainment. Data sources for European ALS registries include neurological and neurophysiological departments, intensive care units, geriatricians, neurologists in private practice, neuropathologists, respiratory physicians, nursing homes and rehabilitations centres, as well as community based reporting from general practitioners. In clinic based studies, the cases are younger, with longer life expectancy, Caucasians and familial. In an Italian study comparing tertiary ALS centres to general neurological clinics, patients followed up by tertiary ALS centres were found to be four years younger and to have a considerably longer median survival time (1080 vs. 775 days), even when stratifying by age, site of onset and respiratory function at diagnosis (3) . In a study in Ireland, a clinic cohort was an average of five years younger (60.1 vs. 65.6 years) than the general neurology cohort (4) . In that study, the median survival of the clinic cohort was 7.5 months longer than for patients in the general neurology cohort. In a study in Texas (5), the percentage of familial cases was 5% in the referral series compared to 2% in a population based study conducted in the same area. Another important issue is the prospective enrolment of ALS patients, which has now become the gold standard in ALS epidemiology. Standardized enrolment is more likely in prospective studies. The prospective collection of data permits the identification of newly diagnosed or incident cases and the calculation of measures of risk such as the incidence rates and cumulative incidence. The diagnoses can be monitored over the follow-up and checked at constant time intervals. The ALS mimic syndromes can be fully ascertained and the incorrect ALS diagnoses easily identified. Interestingly, population based registries have a percentage of ALS mimic syndromes fairly similar to that of tertiary centres (about 7-9%) (6, 7) . Five registry studies, based in Europe and North America, have been published and show remarkably consistent incidence figures among their respective Caucasian populations (8) (9) (10) (11) (12) . Patients from these registries may thus represent valuable incident cohorts to be enrolled in randomized trials.
Patient ascertainment: the capture-recapture method as a means to ensure ascertainment Epidemiological research in the last decade has brought into question the completeness of standard incidence numbers derived from single-source reporting. Using several sources of information, the capture-recapture method allows to estimate the proportion of patients not identified through any of the sources from the proportions and distribution of patients identified within each source (multiple source linkage record system) (13) . The capturerecapture method was first applied in zoology to estimate the size of an animal population. Used later to evaluate the completeness of birth and death registries, this method is largely employed in epidemiology to assess the completeness of surveillance systems and to give an accurate estimate of the prevalence and incidence of a given clinical condition. The prerequisites for the implementation of capture-recapture are the following: 1) sources must be independent; 2) the probability of each subject to be captured by each source should be the same; 3) the population must be closed; 4) the study must be carried out in the geographic area and in the same period of time; and 5) cases to be identified should be correctly diagnosed by each source.
The capture-recapture method can be applied to the epidemiology of ALS to assess the quality of the collected data, to standardize quality of search over time for assessment of time trends, and to compare epidemiological indexes from different surveys or registries and analyse possible sources of heterogeneity.
Three epidemiological surveys on ALS have used the capture-recapture method. The first (5) was conducted in Harris County, Texas, U.S. A. in 1985-1988 . Sources included hospital discharges, neurologists' records and death certificates. Based on 97 newly diagnosed patients, the observed annual incidence of ALS was 1.1 per 100,000. Using the capturerecapture method, the rate was 1.6 (141 newly diagnosed patients). The second study (14) was conducted in Limousin, France in 1994-1995 using the database of the Limoges Neurology Department, the private practice records of the Limousin neurologists, the hospital discharge records from Limousin and neighbouring regions, and the ALS centre in Paris. A total of 46 patients with newly diagnosed ALS were identified, giving a mean annual incidence of 3.2 per 100,000 population (2.5 after standardization). The corresponding number of cases identified through the capture-recapture method was 70 (annual incidence 4.9 per 100,000; 3.8 after standardization).
The third study (15) estimated the occurrence of ALS among Gulf War veterans using the Veteran Affairs, Department of Defense, phone line, and National ALS Association databases. All three approaches in this study indicated differential under-count of ALS cases with modest under-ascertainment likely to have occurred among non-deployed military personnel, but little under-ascertainment among the deployed.
Although useful, the capture-recapture method also has some limitations: 1) It is generally limited to patients seeking medical attention. 2) There is uncertainty about the use of identical diagnostic criteria. 3) If patients' subgroups are selected, the probability of tracing those included in a given subgroup may be different. 4) The use of administrative sources may be in conflict with privacy regulations. However, even with these limitations, the method can be a valuable, cost-effective instrument to ascertain patients to be registered and eventually enrolled in randomized trials.
Defining prognostic factors in ALS: the need for stratification
Although the mean survival of the patients from symptom onset is thought to be 3-5 years (16), published studies report a wide range of outcomes, and major prognostic factors (apart from age and site of onset) have not been well defined. A better understanding of factors influencing ALS outcome would guide physicians and patients in scheduling therapeutic interventions, and is particularly relevant to clinical trial design. There is an urgent need to: 1) summarize current knowledge concerning factors related to survival in ALS; and 2) evaluate the implications of these data in the design of clinical trials.
A literature search was conducted to include the following: 1) studies based on series from ALS referral (tertiary) centres; 2) studies based on the placebo arm of pharmacological trials; 3) studies based on population based series (17) .
Survival of ALS is strongly affected by the population at risk. The median survival from onset to death in ALS varies from 20 to 48 months with longer survival times in patients from ALS referral centres. This wide range narrows when considering population based studies (20-36 months) . However, all studies report a survival longer than 10 years in 10-20% of patients. Older age, but not gender, is consistently found to be associated with shorter survival. A number of clinical factors also predict ALS prognosis. These include, among others, the severity and the rate of disease progression, the degree of diagnostic certainty, and the presence of dementia (Table I) . Therapeutic interventions (riluzole, enteral nutrition, non-invasive ventilation and interdisciplinary care) are also accompanied by a higher survival rate. A number of biological markers have been also thought to affect survival. These include tyrosine, glutamic acid, fibronectin, cytokines, growth factors, highdensity lipoproteins, neurofilaments, erythropoietin, substance P, Nogo-A and Nogo-B (myelin-associated proteins and potent inhibitors of neurite outgrowth) (18) . However, the consistency of the available findings must be still proven before using any of these markers to improve the yield of outcome measures in randomized trials.
The known demographic and clinical prognostic predictors indicated in Table I should be considered for inclusion in the design of future randomized clinical trials. The traditional stratification of ALS patients into bulbar and spinal onset is no longer adequate. Detailed clinical databases will be required to enable a priori and post hoc stratification in clinical trials. At the very least, stratification should include age, respiratory status and cognitive status at baseline, provided that the reliability of the latter two is demonstrated.
Furthermore, trial protocols should include guidelines for major interventions and for 'best clinical practice' in ALS patients. As evolving data show that the existence of a multidisciplinary team affects clinical outcome in ALS, randomization should also be performed by centre.
An alternative approach to classical randomization that is widely accepted in early phase oncology trials is the so-called minimization, a method ensuring excellent balance between groups for several prognostic factors (19) . Minimization is a non-random method aiming to ensure treatment arms are balanced with respect to predefined patient factors as well as for the number of patients in each group. Natural history controls have been also advocated as an effective means to eliminate placebo in clinical trials in ALS, since the use of placebo in such a severe disorder as ALS may be considered unethical (20, 21) . However, the use of historical controls severely limits the process of matching, as retrospective mining of clinically relevant variables can be difficult and subject to bias, and historical controls are frequently drawn from prevalent rather than incident populations.
Appropriate attention to known prognostic factors is essential in the future design of trials.
Clinical trial design: a review of methodological issues
The efficacy of a number of drugs and other treatments in ALS has been evaluated recently by the Cochrane Neuromuscular Diseases group. These include riluzole, recombinant human insulin-like growth factor I (rhIGF-I), amino acids, antioxidant drugs, ciliary neurotrophic factor (CNTF), enteral tube feeding and antispastic agents.
Systematic review of riluzole included three trials (riluzole 876; placebo 406) (1). One included older patients with more advanced ALS. Riluzole 100 mg per day provided a benefit for the homogeneous group of patients in the first two trials (p = 0.039, hazard ratio (HR) 0.80, 95% CI 0.64-0.99). Addition of the trial including more advanced patients altered the outcome of the meta-analysis in that the overall treatment effect estimate became insignificant (p = 0.056, HR 0.84, 95% CI 0.70-1.01). Increased serum ALT (> x3) was more frequent in riluzole treated patients than controls (weighted mean difference, WMD 2.62, 95% CI 1.59-4.31). Based on this meta-analysis, riluzole 100 mg daily is considered safe and is likely to prolong survival by about two months. More studies are needed, especially to clarify its effect in older patients (over 75 years) and those with more advanced disease.
The efficacy and safety of recombinant insulin-like growth factor (rhIGF-I) in ALS was evaluated on the basis of two trials (22) . The primary outcome measure was change in disease progression as determined by the Appel ALS Rating Scale (23) total score with 0.1 mg/kg/day of rhIGF-I subcutaneously after nine months treatment. The combined analysis from both trials showed a WMD of −4.75 (95% CI −8.41 to −1.09) favouring the treated group. While evaluation of adverse events showed an increased risk of injection site reactions with rhIGF-I, the drug was otherwise safe and well tolerated. A third placebo controlled trial has been recently completed. There was no difference between treatment groups in the primary and secondary outcome measures after a two-year follow-up period (24) . In conclusion, rhIGF-I is not beneficial for patients with ALS.
Of 23 trials assessing the efficacy of antioxidant agents, nine met inclusion criteria (25) . Only two used survival at 12 months treatment as primary outcome measure. Sufficient data were available from three studies to allow analysis of the primary outcome measure, and a meta-analysis was performed. No significant effect with vitamin E 500 mg twice daily; acetylcysteine 50 mg/kg daily subcutaneous infusion; or a combination of L-methionine 2 g, vitamin E 400 IU, and selenium 3 × 10-5 g three times daily. No significant effect on the primary outcome measure was observed in a meta-analysis of antioxidants in general when combining the results. No significant differences were demonstrated in secondary outcome measures.
Thirteen hundred ALS patients treated with subcutaneous ciliary neurotrophic factor (CNTF) were examined in two trials (26) . No significant difference was observed between CNTF and placebo groups for survival, the primary outcome measure (RR 1.07; 95% CI 0.81-1.41). No significant differences were observed for the secondary outcomes. However, a significant increase of the incidence of several adverse events was noted in groups treated with higher doses of CNTF. In conclusion, CNTF treatment had no effect on ALS progression. At high concentration, several side-effects were observed. A combination of CNTF with other neurotrophins and more efficient delivery methods should be tested.
The efficacy of percutaneous gastrostomy (PEG) or other tube feeding placement was assessed on survival, nutritional status and quality of life and to examine the minor and major complications of PEG (27) . There are no randomized controlled trials to indicate whether enteral tube feeding is beneficial compared to continuation of oral feeding for survival. The 'best' evidence based on controlled prospective cohort studies suggests advantage for survival in all ALS/MND patients. Evidence for improved nutrition is incomplete but tentatively favourable. Quality of life has only been addressed by a few researchers and needs more serious attention.
The only study performed to assess the efficacy of treatments on spasticity compared endurance type exercise versus 'usual activities' in 25 ALS patients (28) . At three months, patients performing the exercises had significantly less spasticity (mean reduction of −0.43, 95% CI −1.03-0.17 vs. an increase of +0.25, 95% CI −0.46-0.96 in control). Mean change between groups was not significant as measured by the Ashworth scale (29) . This single trial was too small to determine whether the exercises are useful. No other medical, surgical or alternative treatment and therapy has been evaluated in a randomized fashion in this patient population.
A Medline and Cochrane trial registry search was also made of all randomized clinical trials in the treatment of ALS to identify tested drugs and methodological pitfalls. Hand search was made of all references of eligible articles. Included were all participants with a clinical diagnosis of ALS at any stage of the disease and with differing clinical patterns (bulbar vs. limb onset). Excluded were non-randomized trials, non-human investigations, abstracts and letters. Each trial was assessed in terms of diagnostic criteria, population, design, duration, primary endpoints, and drop-outs. The methodological reliability of each study was investigated by checking the following items: 1) sample size and baseline characteristics; 2) randomization and blinding techniques; 3) definition of drop-outs and premature discontinuations; 4) relevance of results; and 5) applicability of results (external validity). The rationale for use was insufficient for 20 drugs and animal studies were negative for four. The total number of exposed individuals ranged from eight to 891 and was greater than 100 for 18 drugs. An unacceptable toxicity was documented for six drugs. A total of 77 studies fulfilled all requirements for review. Tested drugs are listed in Table II with number of exposed patients, rationale for use, and safety. The main methodological aspects of each randomized trial are depicted in Table III . The total number of included patients was > 50 in 42 studies and > 100 in 30 studies. Disease duration at entry varied significantly across studies (data not shown). Baseline characteristics were different in the experimental and control group in nine and are not specified in 16 studies. Primary endpoints were not predefined in 20 trials and varied across studies (the commonest being survival, progression rate, and different functional disability scores). Twenty-six studies had more than 20% dropouts; the drop-out rate was not specified in 13 studies. The blinding procedure was not specified in 28 studies and was inadequate in seven. Concurrent treatments were not specified in 54 studies and were unequally distributed in three. Raw data were not available in 39 studies and risk measures with confidence intervals were reported in only 15. Subgroup analyses were present in only 19 reports. Adverse event reports were lacking in 12 studies. Study power was not calculated in 36 studies. Methodological flaws predominated in the oldest reports.
On this basis, the predominantly negative results of several randomized clinical trials in ALS can be largely explained by the lack of rationale, small sample size, inclusion of heterogeneous populations, high number of drop-outs, and the use of inadequate efficacy measures. In order for a drug to be tested in humans, a solid rationale should be identified through a credible mechanism of action relevant to ALS, which could be confirmed by consistent preclinical data. This does not prove to be the case for several active principles indicated in Table II . Small sample size prevents the discovery of mild to moderate drug effects. For example, using loss of ambulation, gastrostomy and assisted ventilation as outcome measures, a total of 687, 644, and 1039 newly diagnosed patients, respectively, per treatment arm are required to detect a 4-6% difference between active treatment and placebo (Table IV) (30) .
The inclusion of patients from prevalent and not from incident populations (such as the newly diagnosed cases) with variable duration of symptoms, differing values of forced vital capacity, and variable site of onset (bulbar vs. spinal) represents a remarkable source of bias which is likely to affect not only any disability measure but even mortality (31) . The study endpoints are crucial for the choice of the study design. These may include death or tracheostomy, gastrostomy, mechanical ventilation, and a number of disability measures such as ALSFRS-R (32), MRC (33), Norris (34) , and Baylor (23) scale. However, except for ALSFRS-R (35), none of the disability scales has been tested for validity and reliability.
Conclusion
In light of the negative results of the published therapeutic trials in ALS, the efficacy of new pharmaceutical compounds (and any other therapeutic devices) should be tested in representative (population based) cohorts of newly diagnosed patients. The advantages of referring to population based incident cohorts include: 1) a greater potential to respond to a given treatment (compared to prevalent cohorts with long-lasting disease); 2) a greater external validity (i.e. generalization) of the study results. The main prognostic predictors can be taken into account by stratifying the patients into homogeneous groups or selecting specific patients' subgroups. Stratification of patients according to selected prognostic predictors has significant limitations because it complicates the randomization procedure and eliminates the evaluation of possible interactions between prognostic predictors and treatments. However, a proper control of confounding is necessary in the presence of variables known to affect the primary endpoint(s) of the study. Trials performed in different European populations can also help comparing patients with differing genetic susceptibility and exposed to different environmental risk factors.
The European consortium of National Registers (EURALS) (36) represents an ideal setting for case ascertainment using the capture-recapture method. Other population based registries (Limoges, France; London, England; Utrecht, Netherlands; Emilia-Romagna, Italy; Friuli-Venezia Giulia, Italy) were later included in the consortium. Using a centralized electronic database (located in Italy), on-line registration of newly diagnosed ALS patients is currently undertaken with the following purposes: 1) to provide incidence rates of the disease, in general and in pre-selected subgroups; 2) to investigate genetic and environmental risk factors; 3) to give access to representative target populations for the implementation of randomized therapeutic trials. The standardization of the registration process has been recently completed. Several well defined sources are interrogated by each of the national registers, including records from several specialists (neurologists, neurophysiologists, neuropathologists, pneumologists), riluzole pharmacy records, lay association archives, general practitioners' records, administrative sources (hospital discharge records, disability lists, etc.), and death certificates. EURALS is thus well placed as an international population based patient registry that has the capability to define and investigate selected risk factors, and to provide a well characterized incident-based cohort of well stratified patients for immediate inclusion in clinical trials.
Table I
Prognostic factors in ALS (17) . 
